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Liquid reagents are not enough for liquid assisted
grinding in the synthesis of [(AgBr)(n-pica)l,¥

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 5010

Caterina Zuffa, (22 Chiara Cappuccino,® Lucia Casali, () °° Franziska Emmerling

and Lucia Maini (2 *@

This study investigates the mechanochemical reactions between AgBr 3-picolylamine and 4-picolylamine. The
use of different stoichiometry ratios of the reagents allows [(AgBr)(n-pica)l, and [(AgBr),(n-pica)l, to be
obtained, and we report the new structures of [(AgBr),(3-pica)l, and [(AgBr),(4-picall, which are characterized
by the presence of the following: (a) infinite inorganic chains, (b) silver atom coordinated only by bromide
atoms and (c) argentophilic interactions. Furthermore, we studied the interconversion of [(AgBr)(n-pica)l,/
[(AgBr)2(n-pica)l, by mechanochemical and thermal properties. The in situ experiments suggest that [(AgBr)(3-
pica)l, is kinetically favoured while [(AgBr),(3-pica)l, is converted into [(AgBr)(3-pica)l, only with a high excess
of the ligand. Finally, the liquid nature of the ligands is not sufficient to assist the grinding process, and the

Received 3rd October 2023,
Accepted 2nd January 2024

DOI: 10.1039/d3cp04791a

Open Access Article. Published on 03 Sunguti 2024. Downloaded on 2026-01-31 07:55:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/pccp

1. Introduction

Mechanochemistry, a field within the realm of chemistry, is
dedicated to investigating the chemical and physicochemical
alterations of substances in various states of aggregation
induced by the impact of mechanical energy.”” Although the
grinding process has been known to induce transformation
since the ancient times;* only over the past few decades, has
mechanochemistry gained considerable momentum as an
effective technique for conducting environmentally friendly
and sustainable chemical synthesis."”*® The milling or grind-
ing process activates the solid reagents in different ways such
as by increasing the internal and surface energy, by expanding
the surface area, and by reducing the coherence energy of the
solids, allowing the reactions to occur'® either during the
grinding or after it has been completed."’ Mechanochemical
reactivity can be intentionally tuned by adding a catalytic
amount of a liquid, usually a solvent, in particular when neat
grinding alone fails to induce reactivity in certain systems.”"*>
The liquid-assisted grinding (LAG) method harnesses the power
of a small amount of liquid component to stimulate, facilitate,
or expedite the desired reactivity. In order to provide a precise

“ Dipartimento di Chimica “G. Ciamician”, Universita di Bologna, Via F. Selmi 2,
Bologna, Italy. E-mail: l.maini@unibo.it

b BAM Federal Institute for Materials Research and Testing, Richard-Willstdtter-
Strasse 11, 12489 Berlin, Germany

t Electronic supplementary information (ESI) available. CCDC 2298748 and

2298749. For ESI and crystallographic data in CIF or other electronic format

see DOL: https://doi.org/10.1039/d3cp04791a

i C.C. now at Chemistry Department, Brookhaven National Laboratory, Brookha-

ven, NY, USA.

5010 | Phys. Chem. Chem. Phys., 2024, 26, 5010-5019

complete reaction is observed with the addition of a small quantity of acetonitrile.

and measurable description of LAG reactions, parameter # has
been introduced™'* which is the ratio of the added liquid (in
microliters) to the weight of solid reactants (in milligrams). The
mechanical reactions in which one of the reagents is in liquid
form are less common'®™® and cannot be described using the
parameter since in such cases, the liquid phase can play a dual
role, serving both as a reagent and aiding in the grinding
process. Among the products that can be obtained through
mechanochemistry, there are several metal-based ones, such as
metal complexes,> MOFs*'* and coordination polymers.**®
The mechanochemical method is considerably simpler and
faster compared to its solution-based counterparts, which are
often solvothermal and require soluble metal reagents. A
recently acknowledged advantage of mechanochemical reactiv-
ity is its remarkable ability to achieve precise stoichiometric
control during the formation of products***°> and the possi-
bility to obtain compounds which cannot be achieved by
reactions in solution.**** The products are generally obtained
within a short time of grinding, such as 30-60 minutes,** and
in situ experiments have shown a richness of intermediates
during the formation of well-known compounds.*® Despite
extensive efforts,” our understanding of the fundamental
mechanism underlying mechanochemical reactions remains
incomplete.*®**! This lack of comprehension poses significant
limitations on our ability to fully leverage the potential of
mechanochemistry and realize the transformative impact of
this groundbreaking technology.*” Solid-state reactions have
been proven to be particularly efficient in the presence of a
non-soluble reactant as in the case of CuX or AgX (X = halide),
thus leading to new coordination polymers or hybrid coordina-
tion polymers not observed in conventional synthesis.****%*

This journal is © the Owner Societies 2024


https://orcid.org/0000-0002-7150-3292
https://orcid.org/0000-0002-1003-1797
https://orcid.org/0000-0001-8528-0301
https://orcid.org/0000-0002-0703-2617
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp04791a&domain=pdf&date_stamp=2024-01-22
https://doi.org/10.1039/d3cp04791a
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04791a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026006

Open Access Article. Published on 03 Sunguti 2024. Downloaded on 2026-01-31 07:55:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
NH,
X NH, X
G =
a) N b) N
Scheme 1 (a) 3-Picolylamine (3-pica) and (b) 4-picolylamine (4-pica).

Coordination polymers based on copper(i) halide are studied for
their luminescent, responsive, and conductive properties.*>™*°

Recently, we have reported a series of coordination polymers
based on AgBr and picolylamine (pica hereafter) synthesized
through mechanochemical reactions®® which allowed us to
avoid the problem of the limited solubility of AgBr®" in com-
monly used solvents. Herein we explored the possibilities to
obtain different compounds through the manipulation of stoi-
chiometric ratios between the reactants. We successfully
obtained two novel hybrid coordination polymers based on
AgBr and 3- or 4-picolylamine referred to as 3- and 4-pica,
respectively, see Scheme (1): [(AgBr),(3-pica)],, and [(AgBr),(4-
pica)], are characterized by argentophilic interactions, and the
silver cations show a distance lower than 3.44 A (hence inferior
to the sum of the van der Waals radii).®> On the basis of these
results, we focused our attention on the investigation of the
systems [(AgBr)(3-pica)],/[(AgBr),(3-pica)], and [(AgBr)(4-pica)],/
[(AgBr),(4-pica)],, and their interconversion using mechano-
chemical and thermal techniques. We explored which are the
stoichiometry ratios that allow the formation of different pure
compounds and how they interconvert. Moreover, we investi-
gated the role of the liquid reagent; indeed picolylamines are
liquid at room temperature and the synthesis can be described
as a sort of LAG although it is not possible to determine the
value. The comparison of the experiments with or without the
addition of acetonitrile confirmed the catalytic role of the
solvent. Finally, direct in situ monitoring of the mechanochem-
ical reactions via X-ray diffraction allowed us to detect the
presence of an elusive intermediate and the appearance of
the distinct phases, which helped us to understand the beha-
viour of the conversion.

2. Materials and methods

2.1. Synthetic procedures

All the reagents were purchased from Tokyo Chemical Industry
(TCI). They were employed without additional purification,
except for AgBr. AgBr was synthesized in the laboratory by
utilizing an aqueous solution of AgNO; and saturated aqueous
solution of NaBr. AgBr is solid and all the ligands (3- and 4-
picolylamine, herein called 3 and 4-pica) are in the liquid
phase. The synthesis of [(AgBr)(n-pica)], has been reported
here.** Slurry synthesis is preferred to avoid the presence of
unreacted AgBr.
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2.2. Synthesis of [(AgBr),(n-pica)],

Mechanochemical reaction (neat conditions). 1 mmol of
AgBr (0.188 g) and 0.5 mmol of n-pica (0.05 mL) were
placed in a 5 mL agate ball-milling jar with one agate sphere
(5 mm diameter) and milled at 20 Hz for 60 minutes using
a Retsch MM200 vibratory mill equipped with horizontally
oscillating arms. The obtained crystalline powders were washed
with acetonitrile to eliminate unreacted n-pica. In all cases
unreacted AgBr was detected in XRPD despite washing several
times. To explore the mechanochemical reaction of AgBr with
3-pica, 1 mmol of AgBr and different amounts of 3-pica (in the
range of 0.1 mmol up to 3 mmol) were placed in a 5 mL agate
ball-milling jar with one agate sphere (5 mm diameter) and
milled at 20 Hz for 60 minutes using a Retsch MM200 vibratory
mill equipped with horizontally oscillating arms. The obtained
crystalline powders were not washed with acetonitrile to avoid
further modification of the composition. The quantity of each
phase of the powders was determined by Rietveld refinement
and the data are summarized in Table S3 (ESIf).

LAG conditions. 1 mmol of AgBr (0.188 g), 0.5 mmol of
3-pica (0.05 mL) and 0.02 pL of acetonitrile (y = 0.1) were
placed in a 5 mL agate ball-milling jar with one agate sphere
(5 mm diameter) and milled at 20 Hz for 60 minutes using
a Retsch MM200 vibratory mill equipped with horizontally
oscillating arms. The obtained crystalline powders were washed
with acetonitrile to eliminate unreacted n-pica. In this case
unreacted AgBr is not detected. 1 mmol of AgBr (0.188 g)
reacted with 1 mmol of n-pica (0.1 mL) and 0.02 pL of
acetonitrile (5 = 0.1) under the same conditions described
before to obtain [(AgBr)(3-pica)],. Also, in this case unreacted
AgBr is not detected.

Slurry. 1 mmol of AgBr (0.188 g) and 0.5 mmol of n-pica
(0.05 mL) were placed in a glass vessel with 1.5 mL of acetoni-
trile (n = 8) and the slurry was stirred in the dark (by covering
the vessel with aluminium foil) for 24 hours. The crystalline
powder was washed with acetonitrile. The XRPD patterns do
not show unreacted AgBr.

Solvothermal reaction. 1 mmol of AgBr (0.188 g), 0.5 mmol
of 3-pica (0.05 mL) and 2 mL of acetonitrile or THF were placed
in a 5 mL glass vial and in a metal autoclave and placed in the
stove at 90 °C for 24 hours. After that, the autoclave was cooled
at 9 °C h™' to reach room temperature. Single crystals of
[(AgBr),(3-pica)], suitable for SCXRD were obtained. Solvother-
mal reactions with 4-pica were unsuccessful.

2.3. Conversion between [(AgBr)(3-pica)], and [(AgBr),(3-pica)],,

Mechanochemical conversion from the 1:1 phase to the 2:1
phase. 1 mmol of [(AgBr)(3-pica)], (0.296 g) and 1 mmol of AgBr
(0.188 g) were added to a 5 mL agate ball-milling jar with one
agate sphere with a diameter of 5 mm. The reactants were
milled at 20 Hz for 60 minutes using a Retsch MM200 vibratory
mill equipped with horizontally oscillating arms. The crystal-
line powders obtained were analysed by XRPD and show a
complete conversion from [(AgBr)(3-pica)], to [(AgBr),(3-pica)],,
with the presence of unreacted AgBr.

Phys. Chem. Chem. Phys., 2024, 26, 5010-5019 | 5011
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Mechanochemical conversion from the 2: 1 phasetothe 1:1
phase. 1 mmol of [(AgBr),(3-pica)], (0.484 g) and from 1 to
2 mmol of 3-pica (0.1-0.2 mL) were added to a 5 mL agate ball-
milling jar with one agate sphere with a diameter of 5 mm. The
reactants were milled at 20 Hz for 60 minutes using a Retsch
MM200 vibratory mill equipped with horizontally oscillating
arms. The crystalline powders obtained were analysed by XRPD.
The powder obtained by adding 1 mmol of 3-pica does not
show a complete conversion and is a mixture of [(AgBr),(3-
pica)], and [(AgBr)(3-pica)],; the complete conversion from the
2:1 phase to the 1:1 phase was observed when 2 mmol of 3-
pica was used. No presence of unreacted AgBr has been
detected.

Thermal conversion. The thermal conversion was observed
by hot stage microscopy. Crystals of [(AgBr)(3-pica)], were
heated at 10 °C min™"; the release of the ligand and conversion
into [(AgBr),(3-pica)], were observed at around 65 °C, while the
melting was observed at 106 °C.

Thermal conversion. The powder of [(AgBr)(3-pica)], was
heated at 65 °C for 2 hours and analysed by XRPD. The analysis
showed a complete conversion to [(AgBr),(3-pica)],, with the
presence of AgBr.

2.4. Conversion between [(AgBr)(4-pica)], and [(AgBr),(4-pica)],

Mechanochemical conversion from the 1: 1 phase tothe 2:1
phase. 1 mmol of [(AgBr)(4-pica)], (0.296 g) and 1 mmol of AgBr
(0.188 g) were added to a 5 mL agate ball-milling jar with one
agate sphere with a diameter of 5 mm. The reactants were
milled at 20 Hz for 60 minutes using a Retsch MM200 vibratory
mill equipped with horizontally oscillating arms. The crystal-
line powders obtained were analysed by XRPD and show a
mixture of [(AgBr),(4-pica)], and [(AgBr)(4-pica)],. A complete
conversion from [(AgBr)(4-pica)], to [(AgBr),(4-pica)], was
obtained by adding 0.02 mL of acetonitrile before grinding.

Mechanochemical conversion from the 2: 1 phasetothe 1:1
phase. 1 mmol of [(AgBr),(4-pica)], (0.484 g) and 1 mmol of 4-
pica (0.1 mL) were added to a 5 mL agate ball-milling jar with
one agate sphere with a diameter of 5 mm. The reactants were
milled at 20 Hz for 60 minutes using a Retsch MM200 vibratory
mill equipped with horizontally oscillating arms. The crystal-
line powders obtained were analysed by XRPD and correspond
to the 1:1 phase.

2.5. Structure determination by single crystal

The single crystal data of [(AgBr),(3-pica)], were collected at
room temperature on an Oxford Xcalibur using Mo-Ka radia-
tion, equipped with a graphite monochromator and a CCD
Sapphire detector. Crystal data details are summarized in
Table 1 (see also Table S1 in the ESIf). The SHELXT® and
SHELXL®* algorithms were used for the solution and refine-
ment of the structures based on F>. All the atoms, excluding the
hydrogens, were refined anisotropically. Hydrogen atoms have
been added to the theoretical positions. The principal crystal-
lographic data are reported in Table 1.

5012 | Phys. Chem. Chem. Phys., 2024, 26, 5010-5019
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Table 1 Crystal data and structure refinement for [(AgBr)x(n-pica)l,
coordination polymers. [(AgBr),(4-pica)l,, was determined by XRPD

[(AgBr),(3-pica)], [(AgBr),(4-pica)],

Empirical formula CeHgAg,BI,N, CeHgAg,BI,N,
Formula weight (g mol ") 483.68 483.68

T (K) 293 293
Wavelength (A) 0.71073 1.535

Crystal system Monoclinic Orthorhombic
Space group C2/c Pbca

a(A) 24.605(3) 14.282(1)

b (A) 6.2851(5) 22.011(1)

c (&) 14.3050(12) 6.624(1)

B () 110.938(9) 90

V(A% 2066.2(3) 2082

z,7 8,1 8,1

GoF on F* 0.991 1.08

Ry [I > 20(D)] or R, 0.0726 0.0448

WR, (all data) or R, 0.1277 0.0607

2.6. Structure determination by powder X-ray diffraction

The structure of [(AgBr),(4-pica)], was solved by X-ray powder
diffraction. The powder data were obtained on a Panalytical
X'Pert PRO using Cu-koa radiation, endowed with micro-
focusing, a pixel detector and a capillary holder. The sample
was loaded in a 0.5 mm glass capillary. The analysis was
conducted in transmission and collected in the 20 range of 5-
75°, with 0.02 rad soller, 1/4° divergence slit and 1/4° antiscatter
slit, step size 0.0131° and a counting time of 128520 s. Six
consecutive repetitions of the same measurement were col-
lected and merged to obtain an optimal ratio between the
signal and the noise. The analysis of the powder data was
performed using the software TOPAS 6;°° a Chebyshev function
and a pseudo-Voigt (TCHZ type) were used to fit the back-
ground and the peak shape, respectively. The powders were
indexed with the cell reported in Table 1. The structure was
determined by simulated annealing and refined by the Rietveld
method. The principal crystallographic data are reported in
Table 1.

CCDC 2298748 and 2298749 contain the supplementary
crystallographic data for this paper. The data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures. The graphical repre-
sentations of the structures were displayed using the software
MERCURY.®*

2.7. Rietveld quantitative analysis

The powder patterns were refined using the Rietveld method
with X’Pert HighscorePlus V4.9%” suite. A Chebyshev function
and a pseudo-Voigt (TCHZ type) were employed to fit the
background and the peak shape, respectively. To account for
preferred orientation, the spherical harmonics correction was
applied.

2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed using a PerkinEl-
mer TGA7 instrument. The measurements were carried out
under nitrogen flow in a temperature range of 30-350 °C with
a 5 °C min~' gradient.

This journal is © the Owner Societies 2024
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2.9. Differential scanning calorimetry (DSC)

DSC: calorimetric measurements were performed with a Perki-
nElmer Diamond DSC-7 equipped with a PII intracooler. The
temperature and enthalpy calibrations were performed with a
high purity standard (n-decane, benzene and indium). The
samples in aluminum open pans were heated at 10 °C min "
unless otherwise indicated.

2.10. Hot stage microscopy (HSM)

The analysis was performed using an OLYMPUS BX41 micro-
scope equipped with a VISICAM 5.0 camera and a system for
the temperature control Linkam TMS 94. The photos were
taken under polarized light to underline the modification due
to solid state transition, with a 100x magnification.

2.11. Time resolved in situ analysis (TRIS)

In situ X-ray diffraction measurements were performed at 10 s
intervals at the pSpot beamline (BESSY II, Helmholtz Centre
Berlin for Materials and Energy).°® The reactions were carried
out in a vibrational ball mill (Pulverisette 23, Fritsch, Germany)
using a custom-made Perspex grinding jar of 12 mm
diameter.® The experiments were conducted with a wavelength
of 0.7314 A using a double crystal monochromator (Si 111). The
obtained scattering images were integrated using the Dpdak-
software’® and background corrected using a python script.

Synchrotron experiments for in situ monitoring. The
mechanochemical reactions between AgBr and 3-pica were
performed at 50 Hz in a vibration ball mill (Pulverisette 23,
Fritsch, Germany) in a Perspex jar with plastic caps (12 mm
diameter) using an 8 mm agate ball as follows: (1) NG (neat
grinding) of 2AgBr (0.1878 g) and 3-pica (0.05 mL) for 1 hour; (2)
NG of AgBr (0.0469 g) and 3-pica (0.025 mL) 1 hour.

3. Results and discussion

3.1. Crystal structure of [(AgBr)(3-pica)], (1:1 phase)

The crystalline structure of [(AgBr)(3-pica)], has already been
published,*® and here we report only the main information for
sake of clarity. The silver and bromine atoms form a single
chain along the screw axis, and the tetrahedral coordination of
the silver atom is fulfilled by two 3-pica molecules that coordi-
nate the metal centre with the pyridine and the amine nitrogen
atoms, respectively (Fig. 1). The organic ligands bridge the
inorganic chains forming a 2-D network.

3.2. Crystal structure of [(AgBr),(3-pica)], (2:1 phase)

The crystalline structure of [(AgBr),(3-pica)], was determined
using single crystal X-ray diffraction (SCXRD) analysis. A colour-
less, rectangular crystal was obtained through a solvothermal
reaction. The silver bromine atoms form a distinctive infinite
network which has been previously described in the literature
in a coordination polymer of AgX (X = Br, Cl) and quinoline,
and the inorganic component is referred to as a “saddle
polymer”.”"”> In the asymmetric unit, three different silver
atoms are present: Agl is in the general position and Ag2 and

This journal is © the Owner Societies 2024
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Fig. 1 Structure of [(AgBr)(3-pica)l,.** (a) Single chains of AgBr bridged by
the organic ligands; (b) packing along the b-axis. All the “chains” are
parallel within and among the layers due to the P2; space group. Cell axis
colour: ais red, b is green, and c is blue.

Ag3 lie on the 2-fold axis (and hence with half occupancy) while
the two bromide ions are in general positions (Fig. 2). The Agl
atom achieves tetrahedral coordination by binding two bro-
mine atoms and two ligands, and it is 3.244 A from Ag3. On the
other hand, Ag2 and Ag3 atoms solely coordinate with bromine
atoms, giving them a purely inorganic character. Notably, Ag2
and Ag3 are positioned on the 2-fold axis and exhibit short
Ag-Ag distances of 3.072 A and 3.214 A, consistent with
argentophilic interactions,®® resulting in the formation of an
infinite and linear wire of silver cations. The organic ligands
bridge the inorganic chains forming 2-D networks as shown in
Fig. 2b and c.

3.3. Crystal structure of [(AgBr)(4-pica)], (1:1 phase)

The crystalline structure of the 1: 1 phase, [(AgBr)(4-pica)l,, has
been recently published.”’ The structure is characterized by the
presence of a dimer of AgBr with an Ag-Ag distance of 3.198 A.
The organic ligands bridge the dimer forming a 2-D network
(Fig. 3). The corrugated layers run parallel to each other.

3.4. Crystal structure of [(AgBr),(4-pica)],

The crystalline structure of [(AgBr),(4-pica)], was determined by
powder X-ray diffraction (PXRD) of a crystalline powder
obtained through ball milling. The asymmetric unit consists

Phys. Chem. Chem. Phys., 2024, 26, 5010-5019 | 5013
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a)

b)

<)

Fig. 2 (a) Inorganic saddle chain; (b) 2-D network with the inorganic
chain parallel to the b axis and (c) packing along the b-axis of [(AgBr),(3-
pica)l,. Cell axis color: a is red, b is green, and c is blue.

Fig. 3 Packing along the a-axis of [(AgBr)(4-pica)l,.** Cell axis color: a is
red, b is green, and c is blue.

of two bromide ions and two silver atoms and one organic
ligand. The metal and halide atoms form an infinite structure

5014 | Phys. Chem. Chem. Phys., 2024, 26, 5010-5019
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which is reminiscent of a distorted saddle (Fig. 4). Agl is
coordinated with two bromide atoms and amine and pyridine
nitrogen atoms, belonging to two different ligands, that bridge
the inorganic chains forming a 2D network. Ag2, on the other
hand, forms connections with four bromide atoms, leading to a
complete inorganic coordination environment. The structure
presents short Ag-Ag contacts, 2.979 A and 3.138 A, indicative
of an argentophilic interaction among the central silver atom

b)

c)

Fig. 4 Crystal structure of [(AgBr),(4-picall,. (a) Inorganic distorted saddle
chain highlighting the distances among the silver atoms; (b) the 2-D layer
with the ligands bridging the inorganic chains. The inorganic chain is
parallel to the c axis. (c) Packing along the c-axis, showing three layers.
The central layer is coloured in light green. Cell axis colour: a is red, b is
green, and c is blue.

This journal is © the Owner Societies 2024
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(Ag2) and the side ones (Ag1), and a longer contact (3.314 A)
among the Ag2 silver atoms, but still in the range of argento-
philic interactions.

3.5. Thermal analysis. The DSC analysis of [(AgBr)(3-pica)],
(Fig. S2 in the ESIt) exhibits two endothermic peaks at 65 °C
and 108 °C, indicating two distinct events. The peak at 65 °C
corresponds to the release of the 3-pica ligand (consistent with
the TGA analysis published here®® in the ESIt) and formation of
[(AgBr),(3-pica)], which melts at 108 °C. The conversion from
the 1:1 phase to the 2:1 phase was confirmed also by XRPD of
the powder of [(AgBr)(3-pica)], annealed at 65 °C for 15 min-
utes. The DSC analysis of [(AgBr),(3-pica)],, (Fig. S3, ESI{) shows
only the melting point at 106 °C comparable with the melting
point observed previously.

To provide a comprehensive understanding of the phenom-
enon, the conversions were also observed in hot stage micro-
scopy analysis. The phase transition initiates at approximately
65 °C, and by 80 °C, it is fully completed. At 106 °C, the
compound undergoes complete melting (Fig. 5).

3.6. In situ and ex situ mechanochemical syntheses of
[(AgBr)(3-pica)],, and [(AgBr),(3-pica)], and their
interconversion

As observed for several systems,””*®** merely combining the

reagents, AgBr and 3-pica, in precise stoichiometric quantities,
is insufficient to react completely the reagents, both through
slurry and mechanochemical syntheses, as the presence of AgBr
was always observed. To obtain a more comprehensive under-
standing of the [(AgBr)(3-pica)l,/[(AgBr),(3-pica)], system, we
synthetized the products maintaining a constant AgBr quantity
(1 mmol) with a variable quantity of 3-pica from 0.1 up to
3 mmol and observed the different ranges of stability of the two
compounds. All the reactions were run in the ball mill for
60 min to reach the conditions of steady state. Afterward, the
resulting powders were analysed via X-ray analysis, followed by
a Rietveld refinement to determine the respective proportions

Fig. 5 [(AgBr)(3-pica)l, crystal at 30 °C, 66 °C during the phase transition,
80 °C phase transition completed, and 106 °C completely melted.
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in mass of each phase present in the final powder (see Table S3
in ESTY).

As depicted in Fig. 6, the presence of [(AgBr),(3-pica)], (2:1
phase) in the synthesis products increases until it reaches a
maximum and then gradually diminishes until it vanishes. The
maximum is attained when the 3-pica is slightly in excess,
precisely at a stoichiometric ratio of 1:0.6 with the presence of
about ~3% of unreacted AgBr. When 0.7 mmol of 3-pica is
added to silver bromide, [(AgBr)(3-pica)], starts to appear, and
the powder is a mixture of the 1:1 and 2:1 phases with still
some unreacted AgBr. By increasing the amount of ligand in
the reaction, the formation of [(AgBr)(3-pica)], is favoured, but
with the ratio of 1:1.5 (AgBr:3-pica) only [(AgBr)(3-pica)], is
formed but still some unreacted AgBr is present. The silver
bromide fully reacts only in the presence of a great excess of the
organic ligand (3 mmol). We explored the possibility to increase
the yield of the reaction by adding 0.02 mL of acetonitrile and
we selected the reaction which gave pure phases but still
unreacted salt. In both cases (1:0.6 and 1:1.5) the presence
of acetonitrile allowed the completeness of the reaction to be
reached and the desired compound [(AgBr),(3-pica)], and
[(AgBr)(3-pica)], to be obtained, respectively. It is not possible
to draw a general conclusion, but the role of acetonitrile is not
merely for the presence of a liquid during the milling, since
pica is liquid itself, neither as a solvent of the insoluble AgBr. In
fact, the organic ligand is a better solvent of the salt than
acetonitrile, because of its higher coordination power. It is true
that the presence of the acetonitrile diminishes the viscosity of
picolyamine and improves the mixing of the powder and thus
catalyzes the reaction.

We also conducted time resolved in situ measurements
(TRIS) at the synchrotron to enhance our understanding of
the events taking place during the grinding process. When the
AgBr and 3-pica reagents are mixed in a precise stoichiometric
ratio of 2: 1, in the initial 10 minutes we observed a transient

100 - —u
—=— 11
80 4 —e—2:1
—a— AgBr
60
N
40
20
0 A e 7Y
¥ I L2 T ¥ T L T -] T L 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0

3pica (mmol)

Fig. 6 Composition in mass of the powders derived from grinding AgBr
for 60 minutes (constant amount of 1 mmol) with different aliquots of
3-pica; the weight mass percentages of the 1:1 phase in black, 2:1 phase
in red, and AgBr phase in blue.
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peak which gradually subsides, concomitant with the peaks of
[(AgBr)(3-pica)],, and the desired [(AgBr),(3-pica)], (see Fig. 7).
The peaks of [(AgBr)(3-pica)], partially faded with a prolonged
grinding without disappearing. As observed in an ex situ experi-
ment a small fraction of AgBr remains unreacted (see ESIt). It is
worth noting that the in situ experiments are carried out in
different vials and with a vertical vibration, which can lead to a
different result compared to the ex situ experiments.

When the reagents are mixed in a stoichiometric ratio of
1:1, we observed a transient peak at 4.2 nm ™" for the initial two
minutes, a similar situation to the previous case, followed by
the rapid formation of the 1:1 phase. After 10 minutes, the 2:1
phase appears and persists yielding at the end of the measure-
ments to a mixture of 1:1 and 2:1 phases (Fig. 8).

These data suggest that the 1:1 phase is kinetically
favoured, as it exclusively forms during the initial minutes of
the reaction. However, the appearance of the 2:1 phase after-
wards suggests that [(AgBr),(3-pica)], is favoured when the pica
ligand is not in excess. These considerations allowed the
understanding of the conversion of the two compounds by
mechanochemical synthesis.

In fact, it is possible to obtain [(AgBr),(3-pica)], by grinding
[(AgBr)(3-pica)], with the required amount of AgBr. However, to
achieve complete conversion from the [(AgBr),(3-pica)],, phase
into the [(AgBr)(3-pica)], via mechanochemistry, a substantial
excess of the ligand (twice the stoichiometric ratio) must be
added (refer to the ESIt). The possibility to obtain pure
[(AgBr)(3-pica)],, with only a slight excess of 3-picolyalmine is
clarified by the in situ experiment; the 1:1 phase is first
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Fig. 7 TRIS (time-resolved in situ) analysis of AgBr and 3-pica mixed in a
2:1 stoichiometric ratio. The transient peak at 4.2 nm™" in the first minutes
is highlighted.
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Fig. 8 TRIS analysis of AgBr and 3-pica mixed in a 1:1 stoichiometric
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obtained and if there is enough ligand in excess it does not
convert into the 2:1 phase; on the other hand, the stability of
[(AgBr),(3-pica)],, once obtained, prevents its conversion.

3.7. Mechanochemical synthesis of [(AgBr)(4-pica)],, and
[(AgBr),(4-pica)], and their interconversion

The synthesis of [(AgBr)(4-pica)], and [(AgBr),(4-pica)], can
be easily achieved by grinding AgBr and 4-pica in the
desired stoichiometric ratio and a small amount of acetonitrile
to avoid the presence of unreacted silver bromide. While
no phase transitions were observed in the DSC analysis of
[(AgBr)(4-pica)],, we investigated the possibility of converting
[(AgBr)(4-pica)],, into [(AgBr),(4-pica)], and vice versa through
mechanochemical reactions. Interestingly, by adding the stoi-
chiometric quantity of 4-pica to [(AgBr),(4-pica)], it converts
into [(AgBr)(4-pica)], and a small fraction of AgBr is detected.
The complete conversion and the pure [(AgBr)(4-pica)], phase

This journal is © the Owner Societies 2024
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Fig. 9 Summary scheme of the mechanochemical reactions to obtain
[(AgBr)(n-pica)l, and [(AgBr),(n-pica)l, and their interconversions.

are obtained by the addition of the required amount of 4-pica
along with the use of acetonitrile. On the other hand, by adding
the stoichiometric amount of silver bromide to [(AgBr)(4-pica)],
a mixture of the 1:1 and 2:1 phases is obtained, the complete
conversion can be achieved by adding 0.02 mL of acetonitrile to
the reaction (Fig. 9).

4. Conclusions

The mechanochemical synthesis of AgBr and the n-pica led to
the two different compounds [(AgBr),(n-pica)], and [(AgBr)(n-
pica)], depending on the stoichiometric ratio. The structures of
[(AgX)(n-pica)], are not isostructural and present a different
connectivity of the inorganic part. While [(AgBr)(3-pica)], is
characterized by the presence of single chains of AgBr, the
analogous compound with 4-pica is characterized by the
presence of Ag,Br, dimers. The structure of [(AgBr),(n-pica)],
has been determined by single crystal and powder X-ray dif-
fraction of 3-pica and 4-pica, respectively. Although they are not
isostructural, they show several features in common, like the
presence of infinite inorganic chains, the presence of silver
atoms coordinated only by bromide atoms and the presence of
argentophilic interactions. These features make the hybrid
coordination polymers [(AgBr),(n-pica)], interesting for conduc-
tive properties, which we are investigating. It is worth noting
that our studies on AgXL including also these two new com-
pounds, revealed that 88% of [(AgX),(n-pica)], (where X = Br™,
I and m =1, 2) are hybrid coordination polymers, a percentage
significantly higher than the 16% observed in the CSD”’
research.*® This remarkable difference raises questions about
the potential bias in the data from the CSD, which might be
influenced by the prevalent use of solution-based synthetic
procedures for the crystal structure solution. Historically,
solution-based reactions have been favoured, but the low
solubility of AgX salts limits the formation of the desired
products, leading to a reduced number of structures in the

This journal is © the Owner Societies 2024
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database. The mechanochemical synthesis, as employed in our
study, has proven to be advantageous for achieving a
higher number of compounds with different stoichiometries.
Through the implementation of in situ and ex situ studies, we
gained valuable insights into key aspects of the mechanochem-
ical process. Specifically, for the compounds with 3-pica,
[(AgBr)(3-pica)], is observed from the very beginning of the
reaction regardless of the amount of 3-pica used, revealing this
phase to be kinetically favoured. Additionally, the presence of a
transient phase was observed, although its determination was
challenging. On the other hand, [(AgBr),(3-pica)], appears to be
particularly stable, and it can be easily obtained by direct
synthesis of AgBr and the 3-pica, by thermal decomposition
of [(AgBr)(3-pica)], or by grinding [(AgBr)(3-pica)], with the
correct amount of AgBr. The reactions of AgBr with different
amounts of 3-pica allowed the detection of the correct ratio of
reagents to gain the highest yield and to isolate the pure
phases. The comparison of the grinding process with or with-
out the addition of acetonitrile confirmed the catalytic role of
the solvent. Hence, although a liquid reagent is present, the
term LAG should be used only when the reaction is carried out
in the presence of acetonitrile whose catalytic role has been
demonstrated. In fact, the presence of the liquid reagent is not
sufficient to lead the reaction to completeness, and unreacted
AgBr was observed also in the presence of a large excess of 3-
pica, while the addition of a small quantity of acetonitrile
allowed the complete reaction of AgBr. The catalytic role of
acetonitrile was also observed in the mechanochemical synth-
esis of [(AgBr)(4-pica)], and [(AgBr),(4-pica)],. The conversion
between these two compounds can be easily achieved by
grinding, whereas the thermal treatment leads only to the
melting of the compounds.
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